Abstract: We present the first angle-resolved measurements of spatial photon correlations that are induced by multiple scattering of light. The correlation relates multiple scattered photons at different spatial positions and depends on incident photon fluctuations.
Introduction
Multiple wave scattering is a very interdisciplinary field of research ranging from photonics over acoustics to seismology. Multiply scattered light waves, of concern here, are totally randomized in their direction when they propagate through disordered media like clouds or nanophotonic devices. The waves within the medium interfere with each other, and the light exiting the sample forms a volume speckle pattern. After ensemble averaging over different realizations of disorder, the interference effects tend to vanish, and the light in different directions is uncorrelated. In this case the light transport is described by diffusion theory [1] . Lately, the interest in the quantum nature of multiple scattered light has increased rapidly [2, 3, 4] . Only very recently, spatial photon correlations of genuine quantum origin were observed by multiple scattering of squeezed light based on total transmission quantum noise measurements [5] . Here we present a detailed investigation of the first direct measurement of spatial photon correlations induced by multiple scattered light. The spatial photon correlation function between different directions b, b (see Fig 1) is defined as
where a labels the direction of the incident light. The operatorn ab represents the number of photons in output mode b, and . . . denotes the quantum mechanical expectation value while the bar refers to an average over all realizations of disorder. Using a full quantum mechanical model of multiple scattering of light [4] , the spatial photon correlation function can be expressed by
Heren a represents the number of incident photons and ∆n as a function of the spatial intensity correlation function C abab for a coherent light source (black squares) and a Gaussian radiation source (blue circles) after averaging over two speckle patterns. The predicted theory in a,b is given by straight lines without any free parameters assumed.
A Ti-Sapphire laser (λ = 780 nm) serves as a light source with Poissonian photon statistics (∆n 2 a = n a ). We can generate, e.g., a Gaussian light source obeying ∆n 2 a = n a + n a 2 , by positioning a slowly rotating grinded glass plate in the beam path (Fig. 1) . The rotating grinded glass plate generates a superposition of coherent beams with random amplitudes and phases resulting in Super-Poissonian photon statistics. The light beam is focussed on the front surface of a multiple scattering medium which consists of TiO 2 nano-particles (sample length L = (6.3 ± 0.2) µm, average distance between two scattering events = (0.9±0.1)µm). The multiply scattered light of different directions is recorded with two single photon detectors which are connected to a photon counting module to calculate n abnab and n ab , see Eq. (1). The ensemble average is obtained by probing different sample positions. Since L , the light intensity transport can be described by diffusion theory and classical intensity correlations vanish, hence C abab = 1. Figure 2a displays the measured photon correlations for a coherent and a Gaussian light source as function of the relative angle Θ between both detectors. We observe that C Q abab does not depend on Θ. The data are in excellent agreement with theory which predicts that the correlation function is infinite in range. To prove the dependency of C Q abab on spatial intensity correlations we measure the fluctuations in the spatial photon correlation function, caused by a finite number of ensemble averages, N . We record many different measurements, each measurement consisting of an ensemble average over only two realizations of disorder. Simultaneously we determine the classical intensity correlation function for these measurements from the sample transmission coefficients T ab in direction b and b [1] . The results are plotted in Fig. 2b . We observe a linear dependency of the photon correlation function on C abab which is in very good agreement to theory as expected from Eq. (2). Note, that spatial intensity correlations between different directions are only present because we used a very limited number of ensemble averages, otherwise they vanish.
Conclusion
We have presented the direct measurement of spatial photon correlations that are induced by multiply scattered light in different directions. The correlations were found to be infinite in range, dependent on the photon statistics of the incident light source, and dependent on spatial intensity correlations induced by the multiple scattering medium. The experimental results were found to be in excellent agreement with the full quantum optics theory for multiple scattered light.
